Fe3O4 is a mixed-valence strongly correlated transition metal oxide which displays the intriguing metal to insulator Verwey transition. Here we investigate the electronic and magnetic structure of Fe3O4 by a unique combination of high resolution Fe 2p3d resonant inelastic scattering magnetic circular (RIXS-MCD) and magnetic linear (RIXS-MLD) dichroism. We show that by coupling the site selectivity of RIXS with the magnetic selectivity imposed by the incident polarization handedness, we can unambiguously identify spin-flip excitations and quantify the exchange interaction of the different sublattices. Furthermore, our RIXS-MLD measurements show spin-orbital excitations that exhibit strong polarization and magnetic field dependence. Guided by theoretical simulations, we reveal that the angular dependence arises from a strong interplay between trigonal crystal-field, magnetic exchange and spin-orbit interaction at the nominal Fe 2+ sites. Our results highlight the capabilities of RIXS magnetic dichroism studies to investigate the ground state of complex systems where in-equivalent sites and bonds are simultaneously present.
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I. INTRODUCTION
Despite decades of research on magnetite (Fe 3 O 4 ), the first magnetic material known to man, numerous aspects of its physics remain unsolved. In particular, the origin of the metal to insulator transition (the Verwey transition at T V ∼ 125 K) which results in a decrease of the electrical conductivity by two orders of magnitude is vastly debated. This drastic switch of conductivity was found to occur in the picosecond timescale 1,2 . The ground state of Fe 3 O 4 consequently poses interesting options for designing fast electronics.
Above T V , Fe 3 O 4 has a cubic inverse spinel crystal structure containing two different iron sites. Fe 3+ ions reside in tetrahedral (T d ) coordinated interstices (referred to as A sites) while both Fe 2+ and Fe 3+ ions are in octahedral (O h ) coordinated interstices (referred to as B sites). Verwey proposed that at T V an order to disorder transition takes place where the low temperature ordering of Fe 3+ and Fe 2+ ions at the B sites melt permitting relatively easy valencey exchange by means of fast electron hopping 3 . Ever since this formulation, extensive efforts were exerted to find evidence of the proposed charge ordering (and later on, orbital ordering) and the accompanying distortion at the low temperature phase [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . Unfortunately, no consensus has been made regarding the charge or orbital ordering in the low temperature phase 16, 17 . A key aspect to understand the physics of the Verwey transition and the complex interplay of various degrees of freedom in the low temperature phase is the determination of the ground state of the high temperature phase. Resonant inelastic X-ray scattering (RIXS) at the L-edges of transition metals (2p → 3d excitations) is a powerful tool sensitive to charge, orbital, spin and lattice degrees of freedom [18] [19] [20] . The chemical selectivity provided on resonance enables RIXS to probe independently the electronic properties stemming from different sites in a mixed-valence system. RIXS measurements performed using a specific incident X-ray polarization strongly restrict the accessible excited and final states providing additional discrimination power. The difference between the RIXS cross-section measured with circular left and right polarized incident X-rays on a magnetic sample (RIXS-MCD) provides information about the magnetic properties of the absorbing species 21 . A detailed study of the RIXS cross-section as a function of the angle of the incident linearly polarized X-rays (RIXS-MLD) probes sensitively the interplay between local distortion, spin-orbit and exchange interaction.
In this work, we employed a combination of high resolution Fe 2p3d RIXS-MCD and RIXS-MLD in a Fe 3 O 4 single crystal to probe low energy spin and spin-orbital excitations associated with the different Fe sites. We identified spin-flip excitations at the A and B sublattices by harnessing the magnetic contrast offered by RIXS-MCD and quantified the effective exchange interaction respectively. We determined the local site distortion at the Fe 2+ sites by a detailed study of the the RIXS-MLD angular dependence of the spin-orbital excitations. 
II. EXPERIMENTAL DETAILS
We studied a high quality (001) Fe 3 O 4 single crystal grown at the Max-Planck Institute for chemical physics of solids. The stoichiometry of the single crystal was examined by performing temperature-dependent magnetic measurements. A sharp transition was observed at 125 K as expected for a highly stochiometric sample 22 . The crystallinity and homogeneity of the sample was assessed by measuring the Darwin width of the (008) reflection across the sample at beamline ID28 of the European synchrotron radiation facility 22 . In order to clean and remove damaged surface layers, we exposed the surface to boiling concentrated HCl for ∼ 30 s before the measurement.
Fe L-edge X-ray absorption (XAS) and resonant inelastic X-ray scattering (RIXS) measurements were carried out at the ADRESS beamline of the Swiss Light Source at the Paul Scherrer Institut, Switzerland 23 . The high-brilliance X-ray beam was monochromatized using a plane grating with a constant groove density of 800 mm −1 and focused down to a spot of ≤ 4 µm × 55 µm size at the sample position using an elliptical refocusing mirror. All measurements were performed at normal incidence, i.e. with the incoming beam impinging at an angle of 90
• with respect to the sample surface. The scattering angle was set to 2θ = 130
• to minimize the elastic scattering angular dependence. The energy analysis of the emitted radiation was performed using a variable-line-spacing (VLS) spherical grating, with an average groove density of 1500 mm −1 , dispersing the emitted radiation onto a high-resolution CCD camera. The combined energy resolution was ∼ 76.2 meV full width half maximum (FWHM), determined by collecting the elastic scattering from a carbon tape reference 22 . The radiation source is a fixed-gap Apple-II type undulator 24 , producing left and right circular polarized light as well as linear polarized light. The angular direction of the linear polarization can be varied continuously, from horizontal to vertical with respect to the scattering plane. The X-ray absorption spectra were recorded in total electron yield mode.
A permanent gold coated NdFeB magnet with a magnetic flux density on the surface of 0.4 T was used to saturate the magnetization 22 . The magnet was placed in two configurations for the measurements: (i) Magnetic circular dichroism configuration where the external magnetic field was aligned parallel to the incident wave vector ( k in ) (i.e. in the scattering plane) which corresponds to the [001] crystallographic direction ( Fig. 1a) and (ii) Magnetic linear dichroism configuration where the external magnetic field was aligned perpendicular to k in (i.e. out of the scattering plane) which corresponds to the [1/2, √ 3/2, 0] crystallographic direction (Fig. 1b) . 
IV. SITE SELECTIVE SPIN-FLIP EXCITATIONS
To identify the magnetic spectral features of the three Fe ions in Fe 3 O 4 , Fe L 2,3 XMCD measurements were performed (Fig. 2a) . The results agree well with previous measurements [30] [31] [32] [34] [35] [36] and confirm the good stoichiometry and surface quality of the sample 22 . We identify three main XMCD features that we will focus on further in this paper: I at 706.1 eV, II at 708.8 eV and III at 709.1 eV (see Fig. 2a ). Based on the XMCD calculations, tuning the incident energy to E II maximizes the magnetic signal of the Fe 3+ T d sites, while at E III the signal of Fe 3+ O h sites is maximized. RIXS measurements at E II (E III ) are presented in Fig. 2b (c) . The lowest energy loss feature observed for both incident energies is centered at 90 meV. A strong RIXS-MCD signal is observed for both cuts emphasizing the magnetic nature of the feature. Most importantly, the RIXS-MCD signal reverses sign from E II to E III . The origin of the sign reversal can be understood by a close inspection of the RIXS process. The RIXS crosssection can be expressed as a sum of fundamental spectral functions multiplied with a geometry tensor involving the polarization of the incident and scattered photons 37 . The fundamental spectra can be grouped according to their symmetry into an isotropic contribution (σ (0) ), an MCD active contribution (σ (1) ) and an MLD active contribution (σ (2) ) 38 . Consequently, the 2p3d RIXS-MCD crosssection is controlled by the XMCD spectral function and the sign reversal stems from the incident energy site selectivity. Hence, by measuring Fe 2p3d RIXS at incident energies II and III we can probe selectively the exchange interaction of the Fe A and Fe B sublattices in Fe 3 O 4 .
Theoretical calculations based on the single site impurity model with an effective exchange field J * =90 meV reproduces the experimental data well (Fig. 2b and c) . The 90 meV peak can be assigned to a spin-flip excitation enabled by the core-hole spin-orbit coupling in the intermediate state 38, 39 . At E II , a single spin-flip excitation ( ∆S z = 1 ) at tetrahedrally coordinated Fe 3+ sites occurs (see Fig. 2d ) while at E III it corresponds to a single spin-flip excitation ( ∆S z = −1 ) at octahedrally coordinated Fe 3+ sites (see Fig. 2e ). Our measurements show a shoulder corresponding to a double spin-flip excitation ( ∆S z = 2 as shown in the Supplementary 22 ) however we do not observe triple or higher excitations as the intensity of these peaks becomes significantly low and they are expected to be very broad band like excitations due to multiple possibilities to propagate the transferred momentum 38, 40 . To gain insight into the second rank tensor (σ (2) ) holding information about site anisotropy, we measured 2p3d RIXS-MLD. The RIXS magnetic linear angular dependence was measured by rotating the incident polarization ( in ) with respect to the crystallographic direction and the external magnetic field. We initially measured the RIXS-MLD signal with the magnetic field parallel tok in (i.e. in the MCD configuration) as a reference measurement. In this case, the angle between in and the magnetic moments does not change as a function of rotation and hence almost no angular dependence is expected for the spin-flip excitation as confirmed by our measurements and calculations (Fig. 3) . Only the elastic peak exhibits angular dependence due to the zero's order elastic scattering cross-section. In contrast, a strong angular dependence is observed when we place the external magnetic field out of the scattering plane (the magnetic linear dichroism configuration) as shown in Fig. 4 . Here the angle between in and the magnetic moment changes as a function of rotation leading to a strong angular dependence.
We investigated the coupling of the spin and orbital degrees of freedom at the Fe sites of Fe 3 O 4 by displacing the external magnetic field 30
• from the high symmetry [010] direction. Orienting the external magnetic field in a low symmetry direction aligns the net spin moment parallel to field. If the orbital moments are not fully quenched, they consequently also re-align towards the low symmetry direction. The final orientation of the net magnetic moment depends on the strength of the competing interactions such as spin-orbit coupling and distortion. Hence the phase shift of the maximum in- tensity of the spin-flip excitation can be used to quantify magnetic-moment-induced distortion of the electron cloud. Based on this concept, we explored the possibility of the presence of orbital moments at the Fe A sites. Nominal tetrahedrally coordinated Fe 3+ sites have no orbital moment (3d 5 ion), however it has been reported that a strong non-vanishing orbital moment is present at the Fe A sites due to major charge transfer from the neighbouring oxygen 41 . Our measurements show that the maximum of the RIXS magnetic angular dependence is at ∼ 120
• . This angle corresponds purely to the sample displacement (90
• +30
• ) and no evidence of orbital moment induced shifts are found. The angular dependence follows that expected for l z ≈ 0 case as can be seen by comparing the experiment to the calculations in Fig. 4c .
We remark that our spin-flip assignment is also consistent with inelastic neutron scattering measurements which show two spin wave modes (∆ 5 and ∆ 2 ) at ∼ 80 meV that nearly do not disperse 42 . These modes were predicted to propagate solely on the Fe B sublattice in agreement with our site selectivity at E III . Another mode was observed at ∼ 125 meV which propagates on the Fe A sublattice and also has a very weak dispersion. We expect to probe this mode by tuning our incident energy to II, however our current experimental resolution is not enough to establish the displacement of the peak with 35 meV. Nevertheless, the reversal of the RIXS-MCD signal is a strong proof of probing the Fe A sublattice and confirms the site and magnetic selectivity of our experiment. The weak dispersion of the two modes is too small to be identified with current state of the art 2p3d RIXS instrumental resolution but it is foreseen that with future developments this could be probed like the progress seen in the case of nickelates 20, 39, 40, 43 . Although phononic excitations were also reported at ∼ 83 meV 7 , the strong magnetic circular and linear dichrosim observed together with the excellent agreement of the experimental data with simulations makes it an unlikely assignment. In addition, O K edge RIXS measurements showed 70 meV excitation that is related to phonons suggesting that the 90 meV is mainly magnetic in origin 15 .
V. SITE SELECTIVE SPIN-ORBITAL EXCITATIONS
In the following section we focus on the RIXS-MLD signal at E I where we are sensitive to the nominal Fe 2+ sites. A broad low energy loss peak is observed at 200 meV (Fig. 5b) which cannot be interpreted as a pure magnetic excitation (a double-spin excitation propagating on the Fe B sublattice) as illustrated by our calculations. The low energy feature can be best interpreted as a dd excitation. In a pure octahedral coordination, the weak spin-orbit (66.5 meV) and exchange (90 meV) interaction cannot split the 15 fold 5 T 2g ground state enough to produce a pronounced peak centered at 200 meV (Fig. 5c) . A symmetry reduction of the Fe 2+ sites is necessary to reproduce the experimental spectra. We emphasize that such weak distortions does not significantly modify the XAS and XMCD spectral shape and hence can only be effectively studied with RIXS measurements (The effect of distortion on the XMCD calculations is presented in the Supplementary Materials 22 ). A plausible scenario for such a symmetry lowering at the Fe 2+ sites is the presence of fluctuating trimeron correlations inherited from the low temperature phase that induces dynamical local tetragonal distortion above T V . This tetragonal compressive distortion is reported to be along the < 100 > axes of the high temperature cubic phase in a 5:5:6 ratio giving rise to a small anisotropy along the c axis 11 . Fig. 5d shows the calculated RIXS angular dependence for this trimeron-type distortion. We note that the horizontal polarization result agrees well with the experiment, however, the full angular evolution is inconsistent with the trimeron scenario. This partial agreement explains the assignment of the 200 meV feature to tetragonal distortion in previous work based on the results of horizontal polarization measurements 15 and highlights the importance of detailed magnetic angular dependence measurements.
Another candidate for the symmetry lowering is the trigonal distortion at the Fe 2+ sites along the < 111 > axes of the high temperature cubic phase. Simulations using trigonal distortion capture the angular evolution of the RIXS cross-section well as illustrated in Fig.  5e . A minor discrepancy between the calculated and experimental elastic line intensity can be seen which we attribute to self-absorption. Self-absorption of the emitted X-rays dominates at zero energy loss in particular when the incident energy is tuned at the pre-edge. This leads to the decrease of the elastic intensity with respect to the simulations. The details of the ground state determination are presented in the Supplementary 22 . Our current interpretation of the distortion is in agreement with results reported from Mössbauer spectroscopy 28 and diffraction anomalous fine structure 44 . In view of the diverging interpretations of the Verwey transition 16,17 , we address hereafter the implication of our finding in relation to the electron transport mechanism in Fe 3 O 4 . The type of distortion at the nominal Fe 2+ sites is a crucial piece of information that can establish a specific conduction mechanism. Evidence of dynamical local tetragonal distortion at the Fe 2+ sites in the high temperature phase would confirm, beyond any doubts, the high temperature polaron transport mechanism (i.e. thermally activated hopping of localized electrons). Previous Fe 2p3d RIXS measurements reported that the Fe 2+ sites are tetragonally distorted and interpreted this as evidence of dynamical trimeron magnetic-polaronic correlations in the high temperature phase 15 .
Our refined experiment differs with this finding based on the detailed angular dependence and establishes that the feature at ∼ 200 meV is a result of trigonal distortion. This trigonal distortion is consistent with the point-group symmetry of the Fe B-sites and the magnitude of the distortion we find (D σ = 67 meV) is in agreement with the static crystal-field splitting we find from DFT calculations. However, we do not completely dismiss the role of high temperature polaronic correlations as the distortion magnitude lies well within the phonon energies of Fe 3 O 4 as discussed by Haupricht et. al. in the case of Fe 2+ impurities in MgO thin films 45 . Our results proof that such correlations, if existing, do not induce tetragonal distortion along the cube axes but rather trigonal distortion along the cube diagonals. This type of dynamical correlations have been also supported by neutron diffuse scattering 46 , X-ray diffuse scattering 13 and some theoretical models 47, 48 . We expect that performing RIXS-MLD angular dependence at the low temperature phase on detwinned micro-crystals 11 and (e) in trigonal symmetry.
VI. CONCLUSION
In conclusion, we studied low-energy spin and spinorbital excitations associated with the different Fe sites in Fe 3 O 4 using a combination of RIXS-MCD and RIXS-MLD measurements at the Fe L 3 edge. The magnetic discrimination emphasized by MCD offers a powerful way to distinguish magnetic excitations from other low-energy excitations (such as vibrational and orbital excitations). This technique was exploited on Fe 3 O 4 to disentangle spin-flip excitations at the Fe A and Fe B sublattices. Our study demonstrates the capabilities of RIXS magnetic dichroism to determine site-selectively the exchange interaction in strongly correlated systems such as multiferroic systems, frustrated magnets and superconductors where identifying magnetic and lattice excitations is a crucial aspect. In particular, our methodology offers a possibility to thoroughly investigate spin excitations in thin films and multilayers that cannot be studied with conventional techniques as neutron scattering. In contrary to previous reports, we showed through detailed angular dependent RIXS measurements that the local symmetry of the nominal Fe 2+ sites is trigonally distorted. This finding proves that more complex correlations than the reported low temperature trimerons can be present in the high temperature phase.
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